In organic solar cells continuous donor and acceptor networks are considered necessary for charge extraction, whereas discontinuous neat phases and molecularly mixed donor-acceptor phases are generally regarded as detrimental. However, the impact of different levels of domain continuity, purity and donor-acceptor mixing on charge transport remain only semi-quantitatively described. Here, we study co-sublimed donor-acceptor mixtures, where the distance between the donor sites is varied in a controlled manner from homogeneously diluted donor sites to a continuous donor network. Using transient measurements, spanning from sub-picoseconds to microseconds we measure photo-generated charge motion in complete photovoltaic devices, to show that even highly diluted donor sites (5.7-10% molar) in a buckminsterfullerene matrix enable hole transport. Hopping between isolated donor sites occurs by long-range hole tunneling through several buckminsterfullerene molecules (∼4 nm). Hence, 2 these results question the relevance of 'pristine' phases and whether a continuous interpenetrating donor-acceptor network is the ideal morphology for charge transport.
these results question the relevance of 'pristine' phases and whether a continuous interpenetrating donor-acceptor network is the ideal morphology for charge transport.
Introduction
Organic photovoltaics (OPV) allows for a low-cost alternative to inorganic solar cells, with recent developments showing power conversion efficiencies of 10-12%. [1] [2] [3] The photoactive layer in an OPV device is most commonly based on a disordered mixture of electron donating and accepting materials -a bulk heterojunction (BHJ). Such interpenetrating donor-acceptor mixtures form complicated multi-length scale morphologies, often involving several phases such as ordered/disordered donor, mixed donor-acceptor and ordered/disordered acceptor. The coexistence of neat and mixed donor-acceptor domains is thought to be beneficial as it could provide an energy cascade [4, 5] for charge separation, [6, 7] followed by charge transport in the neat phases. However, the neat regions may be discontinuous, forcing charges to cross mixed domains multiple times during extraction. If the mixed regions are severely disordered or contain less than the percolation threshold of required material, charge transport is thought to deteriorate significantly, limiting device performance. [8] The effect of donor-acceptor mixing (or phase purity) on charge transport has been previously addressed using microstructural characterization, [9, 10] steady-state [11] [12] [13] and/or time-resolved [14] [15] [16] mobility measurements on BHJs with a varying donor-acceptor stoichiometry and/or processing conditions. Although such studies have revealed important trends, they remain mostly semi-quantitative -the question of how pure the neat domains have to be and how detrimental domain discontinuities or donor-acceptor mixing are in relation to charge transport kinetics remains to a large extent unanswered. Not knowing which important charge transport features to optimize, limits the development of next generations of organic optoelectronic devices.
Here, we address this by measuring photo-generated charge motion from the first hopping events (with sub-picosecond time resolution) to full extraction in complete solar cell devices based on co-evaporated bulk heterojunctions of -sexithiophene ( -6T) and buckminsterfullerene (C60). We carefully vary the molar fraction of -6T in C60 from homogeneously diluted (<10%), to a point where -6T begins to form isolated aggregates (>10-25%) or is strongly aggregated (50%). We thus vary the distance between isolated -6T sites and the level of disruption of the C60 phase in a controlled manner -the -6T:C60 system may be viewed as a model for the mixed donor-acceptor phase in OPV. C60 was chosen as the model acceptor since its use in organic electronics is ubiquitous, whereas -6T was picked as the model donor as it consists of a sequence of thiophene units, similar to many conjugated donors, e.g. P3HT. The well-defined sample morphology and the unique time resolution of our transient measurements enables us to quantify the impact of donor-acceptor mixing on the charge transport kinetics.
We experimentally show that even when the donor sites are highly diluted (5.7-10% molar) and the donor phase is discontinuous, hole transport between isolated donor sites nevertheless occurs by long-range hole tunneling through several buckminsterfullerene molecules (over distances of ∼4 nm) -an often overlooked hole transport mechanism in organic solar cells. We demonstrate that for conditions relevant to OPV device operation, hole transport between isolated donor sites occurs with a reasonably high hole mobility (µh = 5-15×10 -5 cm 2 V -1 s -1 , depending on the concentration of the donor). We find that at low amounts of the donor (<10% molar) electron transport in the C60 phase remains unperturbed (µe = 2 cm 2 V -1 s -1 ), so the C60 phase may be considered as effectively pure for electron transport. As such, C60 domains containing only a trace amount of donor enable ambipolar transport by long-range hole tunneling. This shows that the general notion that a continuous donor network is strictly necessary for hole transport is incorrect.
Furthermore, we demonstrate that at high reverse bias and low donor concentration (1.5-25% molar) a small fraction of the hole population (0-20% of the total, depending on bias) can be transferred to and extracted via C60 with a high hole mobility (µh = 0.1-2 cm 2 V -1 s -1 for 1.5-25% donor in C60). Nevertheless, for conditions relevant to OPV device operation, facile hole capture by isolated donor sites rapidly reduces the fraction of holes transported in C60 to zero, in which case subsequent hole motion occurs by long-range tunneling between isolated donor sites.
Results

-6T:C60 as a Model System for the Mixed Phase
We study co-evaporated bulk heterojunctions of -6T and the neat fullerene C60 as a model system for the mixed donor-acceptor phase in OPV. Controlled evaporation under ultra-high vacuum allows us to precisely vary the molar fraction of -6T in C60, and thereby tune the distance between isolated -6T (see SI Table S1 ) and the degree of donor-acceptor mixing (Figure 1a ). This is in contrast to solution-cast polymer OPV blends, where the inter-donorsite distance is very challenging, if not impossible, to tune reliably.
It was first shown by Tang et al. [17] and later repeated by others, [18] that even low donor amounts in a C60 matrix (5% by weight) lead to OPV devices with a peak external quantum efficiency (EQE) ≈ 70% for various small molecule donors. Using C70 peak EQE ≈ 75-80%. [17, 19, 20] For the -6T:C60 series we also obtain a peak EQE = 70% and FF = 0.55-0.57 at -6T content in the range of 4-7% by weight (5.7-10% molar) with similar device characteristics as reported by Tang et al., see SI Figure S1 and SI Table S2 . As such, the results that are presented here are expected to be general and applicable to other small-molecule-donor and neat fullerene (C60 or C70) mixtures.
Since -6T has a strong tendency to aggregate, it enables us to accurately identify the transition from diluted and largely un-aggregated -6T to the aggregated -6T phase by analysis of spectroscopic data shown below. The relatively weak absorption coefficient of -6T compared to that of C60 also enables us to simultaneously record spectral blueshifts of the C60 phase -a measure for the increased disorder of C60. [21] Figure 1b shows EQE measurements that enable us to characterize the morphology of the active layer. The spectra are normalized to the C60 absorption peak at 2 eV, corresponding to an intra-molecular singlet absorption of C60, [21] and scaled by the molar fraction of C60. As C60 is the main absorber in these blends, the EQE spectra above 1.8 eV are mainly dominated by the absorption in C60 (optical gap C60 ≈ 1.8 eV, optical gap -6T ≈ 2.3 eV), whereas below 1.8 eV the spectra are dominated by the absorption of the charge-transfer (CT) state manifold, see SI Figure S2 . The CT state absorption strength is proportional to the density of CT states in the blend and is a direct measure of the donor-acceptor interfacial area. [18] When the donor is homogeneously diluted in C60, the interfacial area is, therefore, expected to scale linearly with the donor content. Up to -6T content of 10% this is indeed the case, as can be observed when the CT manifold is fitted by a Gaussian distribution according to Marcus theory, [22] see inset of
Figure 1b. We observe a deviation from the linear trend at a donor content of 25% indicative of the onset of -6T aggregation. Donor aggregation is clearly visible only when the donor fraction is 50%, with a strongly redshifted CT absorption.
X-Ray Reflectivity (XRR) measurements at high donor content (≈25-50% molar) indicate pure -6T aggregates, whereas Grazing-Incidence X-ray Diffraction (GIXD) shows smeared out diffraction peaks, indicating randomly oriented -6T aggregates with no preferred orientation. [23] Therefore, up to a donor content of 10% molar, -6T is homogeneously diluted at random orientations in C60. At higher donor content (10-25% molar) a mixture of mostly isolated -6T and some randomly oriented and isolated -6T aggregates occurs. We will show below that up to -6T content of 50%, when a large fraction of -6T aggregates is expected, the donor phase remains discontinuous. As such, we vary the distance between isolated -6T sites and the level of disruption of the C60 phase in a controlled manner, from a purely diluted donor to a discontinuous donor network with aggregates -a model system to study the effects of donor-acceptor mixing on the charge transport kinetics.
Time-Resolved Charge Extraction
To quantify how the purity of the neat phases affects photo-generated charge transport, we have followed their motion from photo-generation to full extraction in complete solar cell devices.
We rely on a combination of the Time-Resolved Electric-Field-Induced Second Harmonic generation (TREFISH) technique [24] combined with photocurrent measurements [25] , enabling us to follow the motion of photo-generated carriers from the first hopping events, occurring on a sub-picosecond to picosecond time scale after photoexcitation, to full extraction. Figure 1c shows the measurement scheme. The motion of photo-generated charges partially screens the electric field E induced by the applied bias, resulting in a change ΔE(t). The resulting change ΔE(t) is detected optically by a measurement of the second-harmonic intensity I2H(t) ∝ ΔE 2 (t), enabling sub-picosecond temporal resolution. The TREFISH measurement is complemented by a simultaneous (using the same pump pulse) recording of the photocurrent transient using an oscilloscope. As such, all relevant time scales for charge transport, from subpicoseconds to tens of microseconds, are probed in a single measurement.
In our time-resolved measurements we have deliberately chosen low energy pump photons (1.53 eV) to only excite the CT state manifold, as indicated by the black dashed line in Figure 1b .
At 1.53 eV we are predominantly exciting the (isolated -6T):C60 interfaces and not those of (aggregated -6T):C60, as the absorption of the latter occurs at lower photon energies ( Figure 1b ). SI Figure S2 shows that at 1.53 eV photo-generation in the C60 phase can be neglected for all donor concentrations. This ensures that the starting point of the time-resolved measurement is an excited CT complex at the (isolated -6T):C60 interface, instantaneously creating an electron in C60 and a hole in isolated -6T. Figure 2 shows the time-resolved extraction of photo-generated charges from OPV devices with an increasing molar fraction of -6T at the indicated applied reverse bias U, where U = -0.1V corresponds to (close to) short-circuit conditions (U = 0V was not possible for technical reasons, see the Experimental Section). We have previously experimentally demonstrated that these traces represent the cumulative amount of photo-generated charge collected at the electrodes. [25, 26] Before we proceed with the detailed analysis of these kinetics, we highlight that these measurements were performed at relatively low excitation fluences (see the Experimental Section), leading to extracted carrier densities n comparable to those found in typical well-performing OPV devices under steady-state AM1.5 illumination (of the order of n = 10 16 cm -3 , as in Figure 2 ). [27] [28] [29] To confirm that the extraction kinetics of Figure 2 do indeed describe the charge transport physics of operating OPV devices, we first directly compare our transients to steady-state current-voltage (IV) measurements on the same device. and photocurrent-V curves reconstructed using the transient measurements (solid orange traces).
The steady-state photocurrent-V data were obtained by subtracting the steady-state IV measurements in the dark from IVs under illumination. The photocurrent vs V curves from transient measurements were estimated by recording the total amount of collected charge at t = 10 µs versus applied bias and were scaled to match at U = -5V for comparison. This is allowed because transient measurements were performed in the linear pump-fluence regime, see SI Figure S4 . We obtain a similarly good agreement when using only a continuous 785 nm laser (1.58 eV) (Figure 3a blue symbols), see SI Figure S3 for agreement in other devices. This confirms that the transient data in Figure 2 represents the conditions relevant for steady-state device operation and thus reflects charge extraction/recombination as they occur in operating OPV devices under AM1.5 illumination.
Long-Range Hole Tunneling
When -6T is homogeneously diluted, it is not evident how the holes photo-generated in the CT state are extracted from the OPV device. We demonstrate below that a small fraction (0-20%, depending on bias) of photo-generated holes is transferred to and extracted via C60, whereas the remaining majority of the holes (80-100%) is transported between isolated donor sites by long-range hole tunneling through C60.
Transient data in Figure 2 indicate two extraction plateaus, most clearly visible for the 5.7%
and 10% devices. Given the approximate temporal position of these extraction plateaus t = 2.3×10 -11 s and t = 2×10 -7 s (black dashed lines in Figure 2 ), charge carrier mobilities of Figure S5 . On basis of the high electron mobility reported in neat C60 crystals (µe = 0.5 cm 2 V -1 s -1 ), [30] we attribute the early part of the transients mainly to the extraction of electrons. However, as we will show below, a small fraction of holes (0-20%, depending on bias) is also extracted very rapidly via C60.
As photo-generated carriers are generated in pairs the amount of extracted holes should be equal to that of electrons. This is clearly visible for 5.7% and 10% devices at (close to) short-circuit conditions (U = -0.1V), where the extraction plateau ratio is very close to 0.5 ( Figure 3b ), whereas it is difficult to discern for the remaining samples and is not shown. A ratio of 0.5 means that the early time plateau is entirely dominated by the fast extraction of electrons and that all holes are extracted via isolated donor sites. However, we observe that with increasing reverse bias the fraction of photo-generated charges extracted at early times is increasing above 50% (Figure 3b ), suggesting that an increasing fraction of holes is extracted very rapidly.
Given the high hole mobility reported in neat C60 crystals (µh = 2 cm 2 V -1 s -1 ) [30] this suggests that an increasing fraction of holes is extracted via C60, which we will discuss below.
Nevertheless, Figure 3b shows that for the fields relevant to OPV devices (U = 0V corresponds to short-circuit conditions), hole trapping reduces the fraction of holes transported in C60 to zero, forcing all holes to move via isolated -6T.
The mechanism for the initial hole transfer to C60 at high reverse bias is not entirely clear, as following photoexcitation in the CT manifold, the hole is expected to initially reside in -6T.
Furthermore, based on the difference between the HOMO levels of -6T (-5.3 eV) and C60
(-6.2 eV), as determined by Ultraviolet Photoelectron Spectroscopy (UPS), [31] the energetic barrier for hole transfer from -6T to C60 is expected to be roughly 0.9 eV = 35 kT. Hence, thermal de-trapping of the hole seems unlikely.
Instead, we propose that hole transfer to C60 may be assisted by Fowler-Nordheim-type tunneling through a triangular barrier (Figure 1a) , as confirmed by good fits to the FowlerNordheim equation, [32] describing the tunneling probability (green trace in Figure 3b ). For the equally good fits at other donor fractions see SI Figure S6 . In principle, the tunneling probability of a particle with excess energy (such as after photo-excitation) is higher than that of a particle tunneling from the lowest energy of the trap site (such as after a prolonged trapping event). We speculate that photo-induced hole transfer may occur before on-site thermalization, faster than ∼1 ps, [33] effectively lowering the tunneling barrier (compare the two situations at high field F in Figure 1a ). This process divides the extracted hole population into two distinct parts: holes transferred to C60 and extracted very rapidly and holes trapped in isolated -6T and extracted slowly. For a more detailed discussion, see SI Figures S6 and S7, and SI Notes S1 and S2.
Nevertheless, for the practically relevant fields to OPV devices all holes remain trapped in isolated -6T.
Following spatial trapping in isolated -6T sites, there are two possible mechanisms for further hole transport. Either the hole escapes -6T and is transported via C60 until a further trapping event, or the hole instead tunnels through C60 to another -6T. On basis of the large energy barrier for thermal hole de-trapping from -6T to C60 (0.9 eV = 35 kT) and the unlikelihood of Fowler-Nordheim-type tunneling at low fields between short-circuit and VOC, both de-trapping scenarios seem unlikely. At low fields long-range hole tunneling through several C60 molecules to neighboring trap sites seems more plausible. Note that in this case the tunneling mechanism is different as at low fields the barrier is expected to be rectangular ( Figure 1a ) with a tunneling probability that is independent of field, see SI Figure S6 and SI Note S2. A similar transition from direct tunneling to field emission at moderate bias (<1V) has been demonstrated by Kushmerick et al. in molecular junctions of π-conjugated thiols. [34] The mean center-to-center distance between isolated -6T decreases from roughly ≈5.3 nm to ≈3.4 nm when going from 1.5% to 5.7% molar -6T in C60. SI Table S1 shows details on the conversion between weight, molar and volume fractions, and the deduced distance between isolated -6T molecules. The extraction kinetics in Figure 2 clearly indicate that upon going from 1.5% to 5.7% molar -6T, the second extraction plateau (at microsecond time scales) grows and shifts to significantly shorter times. This suggests that the onset for efficient long-range hole tunneling through C60 to neighboring -6T lies roughly in the 3.4-5.3 nm range, which corresponds to a distance of several C60 molecules (C60 diameter is 0.71 nm, center-tocenter distance is ≈ 1 nm). A similar onset from direct to thermally activated tunneling ≈4 nm has been reported by Frisbie et al. in π-conjugated molecular wires. [35] Although at low donor fractions (5.7-10% molar) long-range hole tunneling is already evident from the experimental data alone, at higher donor content (25-50% molar) the situation is less clear; not only the packing of C60 may be significantly distorted, but also the -6T phase may form a discontinuous network, reducing the fraction of holes that undergo long-range tunneling.
At this point an advanced charge transport model is required to quantitatively explain the kinetics.
Simulations Using the Gaussian Disorder Model
To simulate the extraction of three charge carrier populations -electrons in C60, holes in C60
and holes tunneling through C60 between isolated donor sites -we rely on the extended Gaussian Disorder Model (eGDM), [36] which has been successfully utilized to explain carrier hopping in a large variety of organic semiconductors. Note that although hole tunneling discussed here occurs over larger distances and through C60 (as opposed to a barrier of empty space), it can still be described by the same eGDM formalism, see SI Note S3.
In brief, the model [37] takes into account: electron-hole recombination; all Coulomb interactions; charge transport via a field-and density-dependent carrier mobility, consistent with the parametrization by Pasveer; [38] charge extraction and injection at contacts. The field-dependence of charge extraction observed in Figure 2 is fitted globally (by a single parameter set), using an iterative least-squares procedure, thus eliminating possible errors due to manual fitting and severely constraining the fit parameters. We have previously shown that our model can successfully fit both transient TREFISH and steady-state SCLC experiments using the same parameter set, [37] which was also done here, as described in SI Figure S5 and SI Table S3 . Figure 2 shows that our simulations capture the charge extraction dynamics observed in experiment reasonably well. The applied bias U in simulations was corrected for the built-in field Ubi of the OPV device, experimentally determined as the bias at which the extracted charge density in the transient measurement is equal to zero (Ubi = 1 V in Figure 3a ). Model fits allow us to more accurately quantify the fraction of photo-generated holes transported in C60 (blue traces in Figure 3b ), especially for the 1.5%, 25% and 50% devices, for which the extraction plateaus are not clearly visible in experiment ( Figure 2 ). In agreement with the earlier observation from transient data, the hole fraction extracted via C60 is increasing with reverse bias.
From experimental data alone we cannot distinguish whether the small fraction of holes transferred to C60 (Figure 3b ) is extracted without a single trapping event or whether multiple trapping/de-trapping events occur during hole extraction via C60. To quantify, we have extended our modeling to account for the morphology of the BHJ active layer: a fraction of the total simulated volume 90x90x50 (nm 3 ) was occupied by randomly dispersed -6T sites, using the known volume fractions. These simulations (SI Figure S7 ) suggest that the fast fraction of holes (0-20% of the total in Figure 3b ) consist of holes extracted via C60 without a single trapping event (0-10% of the total) and holes captured by -6T but undergoing ultra-fast for long-range tunneling (numbers at 10% dilution). Figure 4a shows how the addition of -6T disrupts the C60 phase. The increase in the electron energetic disorder of C60 has a clear onset at a donor fraction of 10% molar, in agreement with the transient data, where the temporal position of the electron extraction peak at the relevant (low) fields shifts to longer times at 25% molar (black dashed vertical line in Figure 2 is a guide to the eye). The increase in the energetic disorder is also reflected in the spectral blueshift of the EQE spectra at 2.5 eV, corresponding to an inter-molecular [21] absorption peak of C60 (SI Figure S8 ). GIXD data shows that at ≈25-50% molar the diffraction rings corresponding to poly-crystalline C60 are no longer observed [23] -indicating amorphous C60, for which the electron energetic disorder seems to saturate at σ ≈ 95 meV ( Figure 4a ). Figure 4b shows how donor-acceptor mixing affects the photo-generated electron mobility. The addition of the donor below 10% molar does not hinder electron transport in the C60 phase significantly -a quasi-equilibrium (long time) electron mobility of the order of µe = 1-2 cm 2 V -1 s -1 is retained, similar to that reported in neat C60 crystals. [30] In contrast, at donor fractions higher than 10%, electron transport becomes increasingly dispersive with a time-dependent mobility due to carrier thermalization in the disorder-broadened density of states (DOS). [39] The quasi-equilibrium electron mobility is then roughly an order of magnitude lower µe = 0.08 cm 2 V -1 s -1 (at 25% molar) than at low donor content. Thus, at donor content below 10% molar the C60 phase can be considered as effectively pure for electron transport.
Relation between Phase Purity and Charge Motion
The hole energetic disorder in -6T remains relatively constant around the mean σh = 110 meV, except for the 1.5% case. This is because hole transport at 5.7-50% donor content is governed by hole trapping in isolated -6T, followed by long-range tunneling through C60 to neighboring donor sites, whereas at 1.5% long-range tunneling is hindered. Thus, except for the 1.5% case, the resulting hole mobility kinetics are very similar and show only a slight increase with increasing donor content (Figure 4b ), as corroborated by the lack of a significant temporal shift of the hole extraction peak in the transient extraction kinetics (black dashed vertical line in Figure 2 ). In this case the time-dependent hole mobility quantitatively describes the gradual relaxation of the hole population into low-lying -6T sites.
The observed trends in the transient hole mobility and hole energetic disorder of -6T are further experimentally confirmed by steady-state SCLC hole-only mobility measurements. The inset of Figure 4b shows that hole mobility µ0 (in the low-concentration regime, see the Experimental Section) increases substantially at donor content higher than 1.5%, which marks the onset for efficient long-range hole tunneling. Following this onset hole mobility effectively plateaus -increases only slightly as the tunneling distance decreases with increasing donor content (µh = 5-15×10 -5 cm 2 V -1 s -1 at 5.7-50% molar).
Since at low donor content we vary the distance r between isolated -6T sites, the inset of Figure 4b allows us to estimate the hole localization length -1 in the framework of eGDM as µ ∝ r 2 exp(-2 r). We obtain a surprisingly large number -1 = 1 ± 0.1 nm (see SI Figure S9 ), whereas typically -1 ∼ 0.1 nm is assumed, [36, 38] based on earlier data for TNF:PVK ( -1 ≈ 0.11 nm) by Gill [40] and for P3HT and OC1C10-PPV ( -1 ≈ 0.15 nm) by de Leeuw et al.
in ref. [41] . Full material names are given in the Experimental Section. For large -1 the hole wavefunction extends a larger distance from the donor site, enabling long-range tunneling.
We also observe an approximately 40-fold increase in µ0 when the donor concentration increases to 75%, possibly indicating the formation of a continuous donor network, eliminating the need for long-range tunneling. Although we were unable to perform transient measurements on samples with high donor loading due to their weak 2 nd harmonic intensity, the SCLC data for the 75% donor case do indicate a considerable (∼43×) increase in the hole attempt-to-hop frequency νh and a similar hole disorder as for the other donor fractions σh ≈ 105 meV, see SI Since the results presented here are expected to be general, we propose that Figure 4 may be used as a reference to what occurs in the fullerene phase upon the presence of a small amount of material/molecule with a donating character. As the photo-generated carriers in BHJs are expected to traverse both neat and mixed donor-acceptor domains, a combination of the above kinetics would be representative of the full charge transport kinetics.
Discussion
To the best of our knowledge, our data is the first experimental demonstration of following the transient motion of charges photo-generated in the CT manifold in a complete OPV device. In agreement with earlier reports using Internal Quantum Efficiency (IQE) measurements, [43] we also observe that such photo-generated charges are extracted efficiently.
Generally, excitation in the CT manifold is expected to produce free carriers in the lowest lying DOS states, with little to no 'excess energy' for further thermalization, and thus a low transient mobility. Our results show that this is not the case -if the material is sufficiently disordered, even charges photo-generated in the CT manifold undergo further thermalization with a time-dependent mobility. This is clearly visible in Figure 4 , where σ gradually increases when going from almost non-disordered C60, then to disordered C60 and then to the highly disordered -6T, leading to an increasingly time-dependent carrier mobility. The associated increasingly dispersive nature of charge transport is also directly visible in the increasingly convex shape of the extraction plateaus in Figure 2 .
The possible importance of ambipolar transport in the fullerene phase of organic BHJ solar cells has been previously highlighted by several groups, [13, 44, 45] challenging the general notion that hole transport is strictly facilitated only by the donor, and electron transport only by the acceptor.
In fact, high hole mobility in neat C60 has been well known since the 1990s. [30] Our results show that although C60 enables efficient hole transport, the fraction of holes extracted via C60 at relevant fields for OPV devices is effectively zero. This is due to facile hole capture by the donor during hole transport in C60. Therefore, at least for the case of small-molecule-donor and neat fullerene (C60 or C70) OPV devices, hole extraction only via the fullerene phase may be ignored.
Our results highlight the significance of another charge transport mechanism -long-range hole tunneling through several C60 molecules. The effect of long-range charge tunneling between isolated small-molecule sites is similar to that of tie-chains in conjugated polymers, which were suggested to be responsible for charge transport between domains of ordered polymer. [46] Both long-range tunneling and tie-chains effectively act as bridges between 'favorable' sites and may occur concurrently. We expect that the tunneling processes discussed here are also relevant to OPVs using polymeric donors and/or acceptors, but the respective concentrations that are needed in a mixed phase to enable ambipolar transport may be different from the present system. recently demonstrated that charge transport between distant sites in such host-guest systems is mediated via the coherent process of molecular superexchange. [47] Possibly the long-range hole
tunneling that we experimentally demonstrate here for OPVs may be also explained by the theoretical framework laid out in ref. [47] , as suggested by its authors.
Our results not only show that a continuous interpenetrating donor-acceptor network is not strictly necessary but also redefine the meaning of the commonly used terms of 'neat', 'pristine' or 'pure phase'. More concretely, we have shown that C60 may be considered as effectively pure for electron transport only if the molar fraction of the donor does not exceed 10%. From a hole transport perspective, the same material, containing 90% of C60 in -6T, would generally be regarded as 'not pure at all'. However, even at such low amounts of isolated donor, the hole mobility may be as high as µh ≈ 6×10 -5 cm 2 V -1 s -1 (at 10% molar) and is increasing with donor content (µh ≈ 1.1×10 -4 cm 2 V -1 s -1 at 25% molar), which is comparable to that reported for some neat donor materials used in OPV devices in the past. Therefore, the common notion that a continuous donor network is strictly necessary for efficient OPV device operation is erroneous.
Conclusion
We have shown, under conditions relevant to OPV device operation, that even when the donor sites are highly diluted (5.7-10% molar) and the donor phase is discontinuous, hole transport between isolated donor sites can nevertheless occur by long-range hole tunneling through several buckminsterfullerene molecules (over distances as large as 4 nm). Hole transport between isolated donor sites occurs with a reasonably high hole mobility Simulations. The most comprehensive description of the model can be found in ref. [37] . We have used the Miller-Abrahams formalism to quantify with the least-number of unknown parameters the hopping rate of a charge carrier in a disorder-broadened Gaussian DOS. The real thickness of the BHJ layer was used in the simulations. We simulate three charge carrier populations that can interact fully but are otherwise described by their own carrier hopping parameters: the Gaussian energetic disorder σ and the attempt-to-hop frequency ν, which 
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Supporting Information is available from the the author. Figure S3 shows other devices), steady-state photocurrent-voltage measurements under continuous 785 nm laser illumination (blue symbols, corrected by the dark IV, scaled to AM1.5 data, scaling factors shown in SI Figure S3 ) and the total collected charge recorded by pulsed measurements (solid orange traces t = 10 µs). Dashed orange traces indicate the total photo-generated charge extracted at t = 3 ns. (b) Orange traces indicate the plateau ratio in extracted carrier density for the 5.7% and 10% -6T devices in Figure 2 . Higher ratios than 0.5 indicate that a fraction of holes is extracted via C60 (right axis). Blue traces are the estimated hole fraction from the model fits to experiment in Figure 2 . The green trace is a fit to Fowler-Nordheim-type tunneling.
[32] Transient mobility of photo-generated holes (orange traces) and electrons (blue traces). The inset shows the experimental steady-state SCLC hole mobility µ0 in the low carrier-density regime (see the Experimental Section), the increase in µ0 at 1.5-5.7% marks the onset for efficient long-range hole tunneling, whereas the increase at 50-75% marks the formation of a continuous donor network. ), nevertheless the devices are nominally identical, see Table S2 . (b) EQE spectra of the corresponding OPV devices and the absorption coefficients of the constituent materials, determined by spectroscopic ellipsometry. Note that the JSC of these devices is mainly limited by the narrow absorption of C60 (blue trace) and the even lower absorption of the high optical gap -6T (dashed blue trace). Both molecules were chosen on purpose as outlined in the main text -the limited JSC and PCE are not so important. Most importantly, we can obtain an EQE = 55-70% and FF = 0.55-0.57 in the absorbing range, see Table S2 . 
EQE spectra in absolute units
Figure S2 | EQE spectra in absolute units. At the excitation wavelength used in the transient measurements 810 nm (1.53 eV) the number of extracted charge carriers photo-generated in neat C60 is much less compared to the number of extracted charge carriers photo-generated in the 1.5% -6T device. We only show the data for the 1.5% -6T device as the contribution from the CT manifold is even stronger with increasing -6T content, see Figure 1b of the main text. Due to the low pump-photon energy (1.53 eV) we do not expect a significant increase in the bulk ionization efficiency in C60 even at high reverse bias (U = -5V). As such, at the excitation energy used in the transient measurements (1.53 eV) the charge carriers are photo-generated in CT states. per pulse) is indicated by the vertical line with a diamond symbol, which is comparable to the pump-fluence used for the 5.7% device (73.2 µJ cm -2 per pulse). On basis of the observed linear trend in other samples and the rather low pump-fluence chosen for transient measurements, the pump-fluence dependence was not recorded for the 50% device, as it is also expected to be in the linear regime. Since all transient measurements were performed in the linear regime, this allows us to scale the transient data for comparison, such as in Figure 3a of the main text and Figure S3 . Table S3 , to ensure that both transient and steady-state charge transport in these blends is well characterized by the model. (b) Steady-state SCLC hole mobility µ0 in the low-concentration regime (fractional DOS occupancy of c0 = 10 -4 at 300 K and an electric field strength of 0.5V per 50nm, as in transient mobility simulations, were used to estimate µ0 according to the parametrization by Pasveer [1] ). The increase in µ0 at 1.5-5.7% marks the onset for efficient long-range hole tunneling, whereas the increase at 75% possibly marks the formation of a continuous donor network, as can also be inspected from the approximately 40-fold increase in the attempt-to-hop frequency of the holes, see Table S3 . Table S4 for the fit parameters. As the precise details of tunneling may vary significantly between different materials and situations, and since a detailed derivation is outside the scope of this article, here we limit ourselves to only the necessary analysis to explain the experiments. (b) In principle, the tunneling probability through a triangular energy barrier of a particle with excess energy E (such as directly after photo-excitation) is higher than that of a particle tunneling from the lowest energy of the trap site (such as after a prolonged trapping event), compare the red and the black dashed arrows in the schematic (Notes S1 and S2 contain additional discussion). We cannot distinguish the two situations in experiment. Nevertheless, since the field-dependence of the tunneling probability is the same in both cases (see Note S1), the field-dependence for hole de-trapping to C60 observed in experiment can be explained by the same Fowler-Nordheim-type tunneling process. Note that with bias the shape of the tunneling barrier will gradually change from a triangle (at high reverse bias) to a trapezoid (intermediate to low reverse bias) and then to a rectangle (at low reverse bias relevant to OPV devices). A similar transition at moderate bias (<1V) has been demonstrated by Kushmerick et al. in molecular junctions of π-conjugated thiols. [2] Our measurement resolution is insufficient to observe this transition. However, as the measured fraction of de-trapped holes goes to zero at fields relevant to OPV devices (short-circuit to VOC, corresponding to an applied voltage of 0V to ≈1V), tunneling between isolated donor sites in operating OPV devices is expected to occur through a rectangular energy barrier. The tunneling probability through a rectangular energy barrier is field-independent and mainly limited by U0 (donor and C60 HOMO level difference) and the barrier width (distance between donor sites), see Note S2. Figure 3b of the main text. These more advanced simulations were performed by taking into account the 3D morphology of the BHJ active layer: a fraction of the total simulated volume 90x90x50 (nm 3 ) was occupied by randomly dispersed -6T sites using the known donor volume fractions. The energy barrier for hole de-trapping from -6T to C60 was also fixed to that known from experiments (0.9 eV). Photo-generated holes and electrons were initially assumed to reside in C60, which was done purposely to allow us to quantify the fraction of holes that are extracted without a single trapping event in isolated -6T. Hole and electron motion was described by the carrier hopping parameters obtained from the model fits to experiments in Figure 2 of the main text, see Table  S3 . KMC simulations suggest that there is a fast fraction of holes (0-30% of the total in this case, depending on bias) that is extracted via C60 without a single trapping event in isolated -6T. The remaining hole fraction (0-70% of the total in this case) undergoes trapping in -6T, in which case further hole motion requires either tunneling through C60 to a neighboring donor site or a large electric field to allow for Fowler-Nordheim-type de-trapping back to C60 ( Figure S6 ). Both of these events are not taken into account in the KMC simulations on purpose (see panel b). This is why at donor content of 5.7% molar and higher, the fractions obtained from experiments (orange trace in panel a, see also Figure 3b of the main text) are found to be larger than predicted by the KMC model. Therefore, the fast fraction of holes (0-20% of the total, orange trace) consists of holes extracted via C60 without a single trapping event (0-10% of the total, blue trace at 5.7% molar) and holes captured by -6T but undergoing ultra-fast Fowler-Nordheim-type de-trapping back to C60 (possible only at high fields F). (b) Schematic describing the fraction of holes shown in panel a. (a) Zoomed-in portion of the EQE spectra shown in the main text (Figure 1b) , normalized to the C60 absorption peak at 2.0 eV for comparison. 2.0 eV corresponds to an intra-molecular singlet absorption of C60 [3] and is thus morphology-independent, whereas 2.5 eV corresponds to an inter-molecular charge-transfer absorption of C60 [3] and thus depends on the disorder of the C60 phase. The spectral blueshift at 2.5 eV relative to the 1.5% -6T sample is highlighted by the dashed blue arrow. The relative blueshift is estimated by following a line of constant EQE, which is equal to that of the 1.5% -6T sample at 2.5 eV. Note that, although the blueshift is expected to be dominated by the absorption in C60, also -6T weakly absorbs at 2.5 eV ( Figure S1 ) and may contribute to the blueshift in the spectra. Moreover, the indicated blueshift depends on the photon energy at which it is estimated. As such, the indicated blueshift is only indicative for the formation of more amorphous C60 and should not be considered as an accurate estimate. (b) Comparison of the increasing electron and hole disorder in C60 (obtained by the eGDM fits to transient experiments) to the spectral blueshift of the EQE spectra described in panel (a). Hole-only SCLC mobility data (symbols, data estimated for c0 = 10 -4 at 300 K and an electric field strength of 0.5V per 50nm, using the parametrization by Pasveer [1] ) of samples with a homogeneously diluted donor (<10% molar) allow us to estimate the hole localization length -1 from SCLC experiments. This parameter describes the effective wavefunction overlap between localized sites in most charge transport models, typically via one of the two equations µ = µ0r 2 exp(-2 r) or µ = µ0exp(-2 r), highlighted in the Figure. We obtain good fits (blue lines) in both cases, estimating the hole localization length to be in the range
This is a surprisingly large number as typically -1 ∼ 0.1 nm is assumed, [1, 4] based on earlier data for for TNF:PVK ( -1 ≈ 0.11 nm) by Gill [5] and for P3HT and OC1C10-PPV ( -1 ≈ 0.15 nm) by de Leeuw et al. in ref. [6] . Full material names are given in the Experimental Section. For large -1 the hole wavefunction extends a larger distance from the donor site, enabling long-range tunneling. Table S1 . The volume fraction of -6T was estimated using the mass density of -6T (1.4 g cm -3 ) and C60 (1.63 g cm -3 ), whereas the corresponding molar fraction was estimated using the molar density of -6T (494.736 g mol -1 ) and C60 (720.66 g mol -1 ). The distance between -6T sites was approximated as twice the radius of a sphere containing an estimated volume fraction of C60 and an isolated -6T in the center of the sphere. Due to the elongated shape of the -6T molecule and its strong tendency to aggregate, this estimate is expected to be a reasonable upper limit only for -6T content up to 10% molar. C60 diameter is 0.71 nm (center-to-center distance between C60 molecules is ≈ 1 nm). Table S3 . Charge carrier hopping parameters were obtained from global least-squares fitting to transient experiments (by a single parameter set for all applied fields). The attempt-to-hop frequencies ν were first allowed to vary, but the resulting fit values of ν were found to be quite similar. We have thus fixed ν to its average value in subsequent fitting, allowing us to directly compare the obtained Gaussian disorder values σ in the different materials. Parameters that were kept fixed during subsequent fitting are indicated by the grey area. Obtained energetic disorder σ values from fitting the transient experiment were then used as the initial parameter guess for fitting the experimental steady-state hole-only SCLC data in Figure S5 . We obtain reasonably similar disorder values when fitting the model to both transient (σh in -6T) and SCLC data (σh SCLC in -6T), see below. The average of the two estimates for the hole energetic disorder σh in -6T was used in Figure 3a of the main text, where the standard error is indicated by the error bars. The rest of the parameters in the table are: ann is the lattice spacing, ε is the dielectric constant, Δ is the injection barrier at the contact. Table S4 . These parameters were used to fit the experimental data in Figure S6 . The Fowler-Nordheim tunneling probability is reduced by the pre-factor P0, which is also an estimate for the maximum percentage of holes that would undergo de-trapping from isolated -6T at an infinitely high electric field F. For a more detailed description of these parameters see Notes S1 and S2.
Overview of -6T:C60 OPV device performance
Supporting Notes
Fowler-Nordheim-type tunneling
Note S1. The tunneling probability P through a perfectly triangular energy barrier has been derived by Fowler and Nordheim: [8] ≅ 0 exp �−4√2 * ( 0 − )
Where E is the energy of the particle, U0 is the barrier height, m* is the effective particle mass, ħ is the reduced Planck constant, e is the elementary charge, P0 is the scaling prefactor, F is the electric field strength. Both U0 and E are schematically indicated in Figure S6 , where it is also shown that an increase in particle energy E eases tunneling through U0. Increasing the electric field strength F is expected to increase the tunneling probability by a factor of P ∝ exp(-1/F), as observed in our experiments ( Figure S6 ).
Although the precise expression for the prefactor P0 and the terms in the parenthesis is situation-specific, in most cases the Fowler-Nordheim tunneling equations retain their field-dependence as P ∝ exp(-bh 3/2 /F), where b is the second Fowler-Nordheim constant and h is the zero-field height of the barrier. This observation enables us to fit our experimental data by the use of Equation S1.
To make sure that Fowler-Nordheim tunneling fits to experiments are physically sound, we have fixed all known parameters in Equation S1 to experimental values. U0 was set to the HOMO level difference between -6T and C60 (0.9 eV). The electric field strength F was assumed to be zero at the experimentally determined built-in bias of Ubi = 1V (visible in Figure 3a of the main text), and otherwise equal to the effective applied bias (U-Ubi) divided by the sample thickness d. The effective mass of the tunneling hole (m* = 0.032 me) was determined using SCLC measurements as described in the Note S2 below. The effective mass of the hole was assumed to be the same for all donor concentrations. This approximation is valid below 10% molar of the donor where the C60 phase has not yet been significantly distorted (see Figure 4a of the main text). For the 25% device, using the same effective mass may cause some error. However, our main goal here is to highlight the relevant physical mechanism, detailed derivation/analysis is outside the scope of this article.
We obtain good fits to experimental data, see Figure S6 , strongly suggesting that the fast fraction of holes observed in experiment undergo Fowler-Nordheim-type field-assisted tunneling transfer from -6T and C60. Obtained fit parameters are summarized in the Table S4 . Although the fit parameters should only be regarded as rough estimates, the fitted values for U0 -E = 0.09-0.28 eV may appear surprisingly low given the fact that excitation takes place close to the center of the CT absorption manifold -a value closer to U0 -E = 0.9 eV might be expected. We speculate that photo-induced hole transfer to C60 may occur before on-site thermalization, faster than ∼1 ps, [9] meaning that E>0, effectively lowering the tunneling barrier. Moreover, the attractive Coulomb potential between the electron and the tunneling hole may 'round off' the triangular barrier (depending on the orientation of the CT pair), thus increasing the escape probability (similar to the known effect of the image force for field electron emission 15. Tunneling through a rectangular barrier and the effective mass of the tunneling hole Note S2. Knowledge of the tunneling probability through a rectangular barrier and the hole localization length enable us to estimate the effective mass of the hole m*, later used to fit the experimental field-dependence of hole de-trapping by Fowler-Nordheim-type tunneling (see Note S1 and Equation S1). The probability for tunneling through a rectangular barrier is:
For strongly attenuating barriers:
Equation S2 can be simplified to:
Note that the probability for tunneling through a rectangular barrier is independent of applied bias and mainly limited by U0 (donor and C60 HOMO level difference) and the barrier width r (distance between donor sites). Therefore, hole tunneling can occur even at low fields relevant to operating OPV devices (short-circuit to VOC, i.e. applied voltage 0V to ≈1V).
We relate the exponent of the tunneling probability in Equation S4 to experimentally measureable quantities by the commonly used equation for the charge carrier mobility:
In charge transport models -1 is generally referred to as the localization length. By equating the exponential terms in Equations S4 and S5 we arrive at:
Given the above, a measurement of the charge carrier mobility versus donor site distance r would give an estimate for the localization length -1 . Figure S9 shows that such measurements are indeed possible, allowing us to experimentally estimate the hole localization length to -1 = 1 ± 0.1 nm.
Then, substituting the experimental values of the HOMO level difference (U0 -E = 0.9 eV) and the distance between isolated donor sites at homogenous dilution (<10% molar) from Table S1 into Equation S7, allows us to estimate the effective mass of the tunneling hole (m* = 0.032 ± 0.008 me).
Note that contrary to the case of Fowler-Nordheim-type tunneling, where we have equated U0 to the difference in the HOMO levels (U0 = 0.9 eV), here, for the estimate of the effective mass in Equation S7 we have used (U0 -E = 0.9 eV) instead, assuming E = 0. This is because in the case of Fowler-Nordheim-type tunneling, most of the holes undergo field-assisted tunneling directly after being photo-generated (see Figure S7 for the fraction), and therefore may have excess energy that could reduce the tunneling barrier by E. In addition, Coulomb attraction may lower the triangular barrier further, as discussed in Note S1. In contrast, for the case discussed here, holes are expected to be trapped at the lowest energy of a neutral trap site (E = 0). This is in line with the significant difference in time scales: holes undergoing Fowler-Nordheim-type tunneling are extracted orders of magnitude faster than the slow fraction of holes that undergo direct tunneling, which is clearly visible in Figure 2 of the main text. Thus, compared to holes undergoing Fowler-Nordheim tunneling, the remaining slow fraction of holes are trapped in -6T for longer periods of time, enabling on-site relaxation to E = 0.
Miller-Abrahams carrier hopping rate
Note S3. The carrier hopping rate from a site with energy Ei to a site with energy Ef, at an inter-site distance rif, is generally described by the Millar-Abrahams rate:
Where ν0 is the attempt-to-hop frequency, kB is the Boltzmann constant, T is temperature.
In our model [11] we implicitly account for the inter-site distance dependence via a simplified expression for the attempt-to-hop frequency ν:
According to Equation S8 with increasing inter-site distance rif the carrier hopping rate is expected to decrease exponentially, concomitantly ν in Equation S9 is also expected to decrease at the same rate. The inter-site distance is certainly larger for tunneling between isolated donor sites through several C60 molecules (∼4 nm) as compared to tunneling between neighboring C60 (≈ 1 nm). We speculate that the observed 2 orders of magnitude difference between the carrier hopping frequencies obtained from our model fits to experiments for holes and electrons transported in C60 (νh = νe = 3.85×10 13 s -1 ) and holes tunneling between isolated donor sites (νh = 2.2×10 11 s -1 ) may at least in part be attributed to the inter-site distance.
Using the same argument, the observed approximately 40-fold increase in SCLC hole mobility µ0 in -6T when the donor concentration reaches 75% ( Figure S5 ), indicates a reduced inter-site distance: νh increases approximately 40-fold from νh = 2.2×10 11 s -1 to νh = 9.5×10 12 s -1 at 75% molar. Reduced inter-site distance is indicative of the formation of a continuous donor network.
